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Colleen	  A.	  Wilson-­‐Hodge	  (NASA/MSFC)	  
Image	  Credit:	  NASA's	  Goddard	  Space	  Flight	  Center/CI	  Lab	  
https://ntrs.nasa.gov/search.jsp?R=20180002390 2019-08-29T17:42:28+00:00Z
The	  Fermi	  Gamma	  ray	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Large	  Area	  Telescope	  
Gamma	  ray	  Burst	  	  
Monitor	  (GBM)	  
Hard	  X-­‐ray	  VariaLons	  in	  the	  Crab	  Nebula	  
Wilson-­‐Hodge	  et	  al.	  2011	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What	  is	  a	  gamma-­‐ray	  burst?	  
Image	  credit:	  NASA/GSFC	  
Long	  GRBs	  
•  Produced	  by	  a	  massive	  star	  exploding	  
•  200	  per	  year	  triggered	  with	  GBM	  
Short	  GRBs	  
•  Produced	  by	  merging	  neutron	  stars	  
•  40	  per	  year	  triggered	  with	  GBM	  
•  >80	  per	  year	  found	  in	  searches	  for	  weak	  GRBs	  
Types	  of	  GRBs	  
6222	  Fermi	  GBM	  triggers	  
2238	  GRBs	  
1176	  Solar	  Flares	  
275	  Magnetars	  
875	  TGFs	  
668	  Others,	  including	  189	  from	  Swia	  J0243.6+6124	  and	  169	  from	  V404	  Cyg;	  
1041	  parLcles	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The	  morning	  of	  August	  17,	  2017	  
Video	  and	  image	  Credit:	  NASA	  GSFC,	  Caltech/MIT/LIGO	  Lab	  and	  ESA	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GBM	  Triggered	  GRBs	  
9	  
LocaLng	  the	  events	  on	  the	  sky	  
Earth	  
IPN	  
GBM	  
Abbot	  et	  al.	  2017,	  ApJ,	  848,	  L13	  	  
Probability	  of	  chance	  coincidence:	  1	  in	  20,000,000	  	  
10	  
A	  weak	  short	  GRB	  with	  a	  low-­‐energy	  tail	  
•  GRB	  170817A	  is	  a	  short	  GRB—
predicted	  to	  originate	  from	  mergers	  
•  It	  appears	  to	  have	  the	  tradiLonal	  
“spike”	  but	  also	  a	  weak	  lower-­‐
energy	  tail	  
•  It	  appears	  intrinsically	  less	  luminous	  
than	  any	  other	  GRB	  with	  measured	  
distance	  
Goldstein	  et	  al.	  2017,	  ApJ,	  848,	  L14;	  Abbot	  et	  al.	  2017,	  ApJ,	  848,	  L13	  	  
11	  
GRB	  Observing	  Scenarios	  
•  Simplest	  model	  is	  just	  a	  uniform	  density	  jet	  with	  sharp	  edges	  
•  Possible	  that	  we	  are	  looking	  oﬀ	  the	  center	  of	  the	  jet,	  which	  does	  not	  have	  a	  
uniform	  density	  
•  For	  the	  low-­‐energy	  emission	  aaer	  the	  iniLal	  GRB	  spike,	  there	  may	  be	  a	  “cocoon”	  
of	  surrounding	  material	  that	  is	  pulled	  along	  by	  the	  interior	  jet	  
Science	  from	  GW170817	  and	  GRB	  170817A	  
•  Directly	  measure	  the	  speed	  of	  gravity	  
–  It	  is	  the	  same	  as	  the	  speed	  of	  light	  within	  one	  part	  in	  
one	  quadrillion!	  
•  Probe	  the	  neutron	  star	  equaLon	  of	  state:	  the	  
densest	  mamer	  in	  the	  universe!	  
•  Understand	  the	  emission	  physics	  of	  relaLvisLc	  
jets	  and	  the	  engine	  that	  produces	  the	  short	  GRB	  
•  EsLmate	  the	  rate	  of	  events	  like	  these	  throughout	  
the	  universe	  
	  
Counterpart	  to	  a	  Black	  hole	  merger?	  	  
GW150914	  
Connaughton	  et	  al.	  2016	   Image	  Credit:	  LIGO	  
Future	  Mission	  Work	  at	  MSFC	  
from	  Daryl	  Haggard	  
STROBE-­‐X	  Instrument	  Concept	  
X-­‐ray	  Concentrator	  	  
Array	  (0.2-­‐12	  keV)	  
Large	  Area	  Detector	  
(2-­‐30	  keV)	  	  
Wide	  Field	  Monitor	  
(2-­‐50	  keV)	  	  
Large	  eﬀecLve	  area	  >5	  m2	  @	  6	  keV	  
•  STROBE-­‐X	  combines	  the	  strengths	  of	  NICER	  and	  
LOFT:	  High	  throughput	  X-­‐ray	  Lming	  with	  good	  
spectroscopy	  
•  All	  components	  are	  already	  high	  TRL	  
•  Highly	  modular	  design	  improves	  reliability	  at	  reduced	  
cost	  and	  allows	  easy	  scaling.	  
X-­‐ray	  Concentrator	  Array	  
•  Low	  background,	  high	  throughput	  
•  Enables	  high	  Lme	  resoluLon	  
observaLons	  of	  the	  faintest	  sources,	  
both	  extragalacLc	  and	  galacLc	  
•  SensiLve	  Lming	  and	  spectroscopy	  to	  
thermal	  emission	  and	  iron	  lines	  
•  Scaled	  up	  version	  of	  NICER	  
concentrators	  with	  NICER	  SDDs	  
–  Focal	  length	  of	  3	  m	  and	  2’	  focal	  spots	  for	  
enhanced	  throughput	  >2.5	  keV	  
–  Inexpensive	  Foil	  opLcs:	  large	  areas	  w/	  
low	  background	  
–  Energy	  resoluLon:	  85-­‐175	  eV	  FWHM	  
–  EﬀecLve	  area	  @	  1.5	  keV:	  >2.0	  m2	  
Baseline	  is	  80	  XRCA	  units	  
Large	  Area	  Detector	  
•  High	  Lme	  resoluLon	  and	  good	  energy	  resoluLon	  over	  the	  2-­‐30	  keV	  range	  
–  Best	  sensiLvity	  to	  QPOs;	  most	  prominent	  in	  harder	  X-­‐rays	  
–  SensiLve	  to	  non-­‐thermal	  emission	  and	  Compton	  hump	  
•  SDDs	  and	  lightweight	  microcapillary	  plate	  collimators	  developed	  for	  ESA’s	  
LOFT	  M3	  &	  M4.	  	  
–  Energy	  resoluLon:	  200–500	  eV	  FWHM	  
–  EﬀecLve	  Area	  @	  10	  keV	  >5	  m2	  	  
Baseline	  is	  60	  LAD	  modules	  	  	  
1	  LAD	  Module	  
Wide	  Field	  Monitor	  
•  Wide-­‐ﬁeld	  coded-­‐mask	  imager	  
•  Instantaneous	  FoV:	  >1/3	  of	  
sky;	  50%	  of	  sky	  accessible	  to	  
LAD	  
•  SensiLve	  to	  transients	  from	  
milliseconds	  to	  years	  
•  LOFT	  SDDs	  and	  mask	  
•  Energy	  resoluLon:	  300	  eV	  
FWHM	  
•  IdenLﬁes	  new	  transients	  and	  
source	  states	  for	  main	  
instruments,	  while	  monitoring	  
long-­‐term	  source	  behavior	  for	  
a	  large	  fracLon	  of	  the	  sky.	  
	  
STROBE-­‐X	  
•  Huge	  collecLng	  area,	  fast	  Lming,	  and	  good	  spectral	  resoluLon,	  addressing	  fundamental	  
quesLons	  in	  accreLon,	  dense	  mamer,	  black	  hole	  formaLon	  and	  evoluLon	  
•  Based	  on	  exisLng	  technology	  and	  builds	  on	  experience	  with	  NICER	  and	  LOFT,	  enabling	  
conﬁdence	  in	  cost	  esLmates	  at	  this	  early	  stage.	  Highly	  modular	  design	  allows	  easy	  scaling.	  
•  Will	  serve	  a	  large	  community	  in	  a	  decade	  of	  Lme-­‐domain	  astronomy	  with	  complementary	  
capabiliLes	  to	  the	  large	  high	  spectral	  and	  spaLal	  resoluLon	  missions	  
Follow	  us	  on	  Twimer	  (@STROBEXastro)	  and	  Facebook!	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MoonBEAM:	  A	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  Gamma-­‐ray	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Detector	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MoonBEAM: A Beyond-LEO Gamma-ray Burst Detector for Gravitational-Wave Astronomy
Feb 27, 2018
C. Michelle Hui, Research Astrophysicist, NASA/MSFC
•  Science	  Goals:	  
–  Improve	  localizaLons	  for	  
short	  gamma-­‐ray	  bursts	  
(GRBs)	  
–  Increase	  sky	  coverage	  and	  
the	  number	  of	  detected	  
GRBs	  
–  Probe	  the	  extreme	  
processes	  in	  cosmic	  
collisions	  of	  compact	  
objects	  
–  Facilitate	  mulL-­‐messenger	  
Lme	  domain	  astronomy	  	  
MoonBEAM	  
Instrument Function Statement and Gateway Usage 
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The Interplanetary Gamma-Ray Burst Timing Network 
demonstrated an average localization area 
improvement by a factor of 180 relative to Fermi-GBM 
when combining with additional detection from 
another spacecraft in a different orbit.
Ø Low Earth Orbit is <0.1s, improvement to only top 5% 
brightest short GRBs.
Ø Cis-lunar space gives ~1.3 seconds time difference, still 
close enough for rapid communication.
The Astrophysical Journal Supplement Series, 207:39 (8pp), 2013 August Hurley et al.
Table 1
Recent IPN Catalogs of Gamma-Ray Bursts
Years Covered Number of GRBs Description
1990–1992 16 Ulysses, Pioneer Venus Orbiter, WATCH, SIGMA, PHEBUS GRBsa
1990–1994 56 Granat-WATCH supplementb
1991–1992 37 Pioneer Venus Orbiter, Compton Gamma-Ray Observatory, Ulysses GRBsc
1991–1994 218 BATSE 3B supplementd
1991–2000 211 BATSE untriggered burst supplemente
1992–1993 9 Mars Observer GRBsf
1994–1996 147 BATSE 4Br supplementg
1994–2012 271 Konus short burstsh
1996–2000 343 BATSE 5B supplementi
1996–2002 475 BeppoSAX supplementj
2000–2006 226 HETE-2 supplementk
2008–2010 146 GBM supplementl
Notes.
a Hurley et al. (2000b); b Hurley et al. (2000c); c Laros et al. (1998); d Hurley et al. (1999a); e Hurley et al. (2005);
f Laros et al. (1997); g Hurley et al. (1999b); h Pal’shin et al. (2013); i Hurley et al. (2011b); j Hurley et al. (2010);
k Hurley et al. (2011a); l Present catalog.
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GRB
Figure 1. The triangulation technique. Each independent spacecraft pair is
used to derive an annulus of location for the burst. Three spacecraft produce
two possible error boxes. The ambiguity can be eliminated by the addition of
a fourth, non-coplanar spacecraft by the anisotropic response of one of the
experiments, or by the GBM localization.
2. TECHNIQUE, INSTRUMENTATION, CALIBRATION,
AND SENSITIVITY
The triangulation technique is illustrated in Figure 1. When
a GRB arrives at two spacecraft with a delay δT , it may be
localized to an annulus whose half-angle θ with respect to the
vector joining the two spacecraft is given by
cos θ = cδT
D
(1)
where c is the speed of light and D is the distance between the
two spacecraft. (This assumes that the burst is a plane wave, i.e.,
that its distance is much greater than D.) The annulus width dθ ,
and thus one dimension of the resulting error box, is
dθ = cσ (δT )/D sin θ (2)
where σ (δT ) is the uncertainty in the time delay. The radius
of each annulus and the right ascension and declination of its
center are calculated in a heliocentric (i.e., aberration-corrected)
frame.
The composition of the missions and experiments compris-
ing the interplanetary network changes as old missions are
terminated and new missions are introduced. During the period
covered in the present catalog, the IPN consisted of Konus-Wind,
at distances up to around 5 lt-s from Earth (Aptekar et al.
1995); Mars Odyssey, in orbit around Mars at up to 1250 lt-s
from Earth (Hurley et al. 2006); the International Gamma-Ray
Laboratory (INTEGRAL), in an eccentric Earth orbit at up to
0.5 lt-s fr m Earth (Rau et al. 2005); the Mercury Surface,
Space Environment, Geochemistry, and Ranging mission
(MESSENGER), launched in 2004 August, and in an eccentric
orbit around Mercury beginning 2011 March 18, up to 690 lt-s
from Earth (Gold et al. 2001); and the Ramaty High Energy
Solar Spectroscopic Imager ( HESSI; Smith et al. 2002), Swift
(Goldstein et al. 2012), Fermi (Meegan et al. 2009), Suzaku
(Takahashi et al. 2007; Yamaoka et al. 2009), and AGILE
(Marisaldi et al. 2008; Del Monte et al. 2008; Tavani et al.
2009), all in low Earth orbit.
The detectors in the IPN vary widely in shape, composition,
time resolution, and energy range. Also, onboard timekeeping
techniques and accuracies are not the same from mission to mis-
sion, and spacecraft ephemeris data are given only as predicts
for some missions. Since the accuracy of the triangulation tech-
nique depends on all these parameters, end-to-end calibrations
and sensitivity checks are a constant necessity. For the current
IPN, we utilize the following method. For every burst for which
the Swift X-Ray Telescope (XRT) detects an X-ray afterglow, we
search for GRB detections in all the IPN experiments. If the burst
was detected by (1) Odyssey and Konus or by Odyssey and a near-
Earth mission, (2) MESSENGER and Konus or by MESSENGER
and a near-Earth mission, or (3) Konus and a near-Earth mission,
we derive an IPN annulus by triangulation. We then calculate
the angle between the annulus center line and the XRT position
θX, taken from the GCN Circulars, and which we take to be a
point source, because its positional uncertainty is much less than
the annulus width dθ (Figure 2). dθ is calculated such that the
distribution of annulus widths is approximately Gaussian, so the
distribution of θX/dθ should follow a normal distribution with
mean zero and standard deviation 1, if systematic uncertain-
ties are neglected. We have used this procedure so far for 78
MESSENGER/Konus or MESSENGER/near-Earth triangula-
tions, 292 Konus/near-Earth triangulations, and 72 Odyssey/
Konus or Odyssey/near-Earth triangulations. We find that for
the interplanetary spacecraft a systematic uncertainty equal to
roughly 0.75 times the statistical one is required to make the
2
Each spacecraft pair localizes the GRB to an 
annulus [Hurley et al. ApJS 207, 39 (2013)]
Localization area reduction relative to
Fermi-GBM assuming 385,000 km baseline
for short GRBs with differ nt intensities.
A >50% area redu tion is achievable for
short GRBs with average brightness a
ba eline angle of 45d g. 1.3 second
GRB 171227A: 
IPN localization took ~39 
hours after trigger time. 
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The Interplanetary Gamma-Ray Burst Timing Network 
demonstrated an average localization area 
improvement by a factor of 180 relative to Fermi-GBM 
when combining with additional detection from 
another spacecraft in a different orbit.
Ø Low Earth Orbit is <0.1s, improvement to only top 5% 
brightest short GRBs.
Ø Cis-lunar space gives ~1.3 seconds time difference, still 
close enough for rapid communication.
Tiling observations done by different 
instruments for the first gravitational 
wave detection sky contours 
[ApJL 826, L13, 2016]. 
Most instruments have small viewing
and rapid followup is difficult when
localization area is large.
The Astrophysical Journal Supplement Series, 207:39 (8pp), 2013 August Hurley et al.
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Years Covered Number of GRBs Description
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1991–1994 218 BATSE 3B supplementd
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Figure 1. The triangulation technique. Each independent spacecraft pair is
used to derive an annulus of location for the burst. Three spacecraft produce
two possible error boxes. The ambiguity can be eliminated by the addition of
a fourth, non-coplanar spacecraft by the anisotropic response of one of the
experiments, or by the GBM localization.
2. TECHNIQUE, INSTRUMENTATION, CALIBRATION,
AND SENSITIVITY
The triangulation technique is illustrated in Figure 1. When
a GRB arrives at two spacecraft with a delay δT , it may be
localized to an annulus whose half-angle θ with respect to the
vector joining the two spacecraft is given by
cos θ = cδT
D
(1)
where c is the speed of light and D is the distance between the
two spacecraft. (This assumes that the burst is a plane wave, i.e.,
that its distance is much greater than D.) The annulus width dθ ,
and thus ne dimension of the r sulting error box, is
dθ = cσ (δT )/D sin θ (2)
where σ (δT ) is the uncertainty in the time delay. The radius
of each annulus and the right ascension and declination of its
center are calculated in a heliocentric (i.e., aberration-corrected)
frame.
The composition of the missions and experiments compris-
ing the interplanetary network changes as old missions are
terminated and new missions are introduced. During the period
covered in the present catalog, the IPN consisted of Konus-Wind,
at distances up to around 5 lt-s from Earth (Aptekar et al.
1995); Mars Odyssey, in orbit around Mars at up to 1250 lt-s
from Earth (Hurley et al. 2006); the International Gamma-Ray
Laboratory (INTEGRAL), in an eccentric Earth orbit at up to
0.5 lt-s fr m Earth (Rau et al. 2005); the Mercury Surface,
Space Environment, Geochemistry, and Ranging mission
(MESSENGER), launched in 2004 August, and in an eccentric
orbit around Mercury beginning 2011 March 18, up to 690 lt-s
from Earth (Gold et al. 2001); and the Ramaty High Energy
Solar Spectroscopic Imager ( HESSI; Smith et al. 2002), Swift
(Goldstein et al. 2012), Fermi (Meegan et al. 2009), Suzaku
(Takahashi et al. 2007; Yamaoka et al. 2009), and AGILE
(Marisaldi et al. 2008; Del Monte et al. 2008; Tavani et al.
2009), all in low Earth orbit.
The detectors in the IPN vary widely in shape, composition,
time resolution, and energy range. Also, onboard timekeeping
techniques and accuracies are not the same from mission to mis-
sion, and spacecraft ephemeris data are given only as predicts
for some missions. Since the accuracy of the triangulation tech-
nique depends on all these parameters, end-to-end calibrations
and sensitivity checks are a constant necessity. For the current
IPN, we utilize the following method. For every burst for which
the Swift X-Ray Telescope (XRT) detects an X-ray afterglow, we
search for GRB detections in all the IPN experiments. If the burst
was detected by (1) Odyssey and Konus or by Odyssey and a near-
Earth mission, (2) MESSENGER and Konus or by MESSENGER
and a near-Earth mission, or (3) Konus and a near-Earth mission,
we derive an IPN annulus by triangulation. We then calculate
the angle between the annulus center line and the XRT position
θX, taken from the GCN Circulars, and which we take to be a
point source, because its positional uncertainty is much less than
the annulus width dθ (Figure 2). dθ is calculated such that the
distribution of annulus widths is approximately Gaussian, so the
distribution of θX/dθ should follow a normal distribution with
mean zero and standard deviation 1, if systematic uncertain-
ties are neglected. We have used this procedure so far for 78
MESSENGER/Konus or MESSENGER/near-Earth triangula-
tions, 292 Konus/near-Earth triangulations, and 72 Odyssey/
Konus or Odyssey/near-Earth triangulations. We find that for
the interplanetary spacecraft a systematic uncertainty equal to
roughly 0.75 times the statistical one is required to make the
2
Each spacecraft pair localizes the GRB to an 
annulus [Hurley et al. ApJS 207, 39 (2013)]
GRB 171227A: 
IPN localization took ~39 
hours after trigger time. 
•  MoonBEAM	  combined	  with	  a	  GRB	  detector	  in	  LEO	  can	  improve	  
localizaLons	  for	  20+	  short	  GRBs	  per	  year	  
•  Improved	  localizaLons	  are	  needed	  to	  enabl 	  rapid	  follow-­‐up	  
with	  small	  ﬁeld	  of	  view	  instruments	  
•  Fast,	  Lmely	  communicaLon	  is	  sLll	  possible	  compared	  to	  other	  
planetary	  orbits.	  
Instrument Function Statement and Gateway Usage 
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239 mm
365 mm
225 mm
EM-L3 Halo
TESS-type orbit
0.3-2.1s time difference
LDRO
Mo nBEAM	  Possibl 	  Orbits	  
MSFC	  RelaLvisLc	  Astrophysics	  Team	  
•  Currently	  leading	  the	  Fermi	  Gamma-­‐ray	  Burst	  Monitor	  
–  Recipient	  of	  the	  2018	  Bruno	  Rossi	  Prize	  in	  High	  Energy	  
Astrophyiscs	  
–  Ongoing	  eﬀorts	  to	  search	  for	  GRBs	  associated	  with	  
graviataLonal	  waves	  
•  Future	  Mission	  Concepts	  
–  STROBE-­‐X	  –	  Probe-­‐class	  mission:	  Lme	  domain	  astronomy;	  
burst	  and	  intermediate	  duraLon	  gravitaLonal	  wave	  
counterparts	  
–  MoonBEAM	  –	  SmallSAT	  GRB	  detector	  in	  cis-­‐lunar	  space	  to	  
improve	  localizaLons	  and	  increase	  the	  number	  of	  detected	  
GRBs	  
Thank	  you!	  
Video	  and	  image	  credit:	  NASA/GSFC	  
Backup	  
GW170817/GRB  170817A:predicted  vs  observed
•  Predicted	  
•  Short-­‐duraLon	  GRBs	  are	  caused	  by	  merging	  neutron	  
stars	  and	  could	  be	  observed	  simultaneously	  by	  GBM	  
and	  LIGO.	  
•  The	  aaermath	  of	  the	  merger	  produces	  many	  of	  the	  
heavy	  elements	  in	  the	  universe,	  including	  gold	  and	  
plaLnum	  
•  According	  to	  Einstein’s	  theory	  of	  gravity,	  the	  speed	  of	  
gravitaLonal	  waves	  and	  the	  speed	  of	  light	  should	  be	  the	  
same.	  
•  Observed	  
•  GWs	  from	  merging	  neutron	  stars	  followed	  1.7	  s	  later	  by	  
a	  GRB.	  This	  conﬁrms	  neutron	  star	  mergers	  as	  the	  source	  
of	  some	  GRBs,	  and	  that	  light	  and	  gravity	  travel	  at	  the	  
same	  speed	  to	  within	  1	  part	  in	  a	  quadrillion.	  	  
•  Hours	  aaer	  the	  merger,	  a	  “kilonova”	  was	  observed,	  
consistent	  with	  theory	  for	  the	  producLon	  of	  heavy	  
elements.	  
•  >1	  week	  later	  X-­‐ray	  and	  radio	  emission	  was	  detected,	  
and	  have	  conLnued	  to	  get	  brighter	  to	  this	  day.	  
•  Unexpected	  
•  The	  GW+GRB	  detecLon	  was	  made	  so	  soon,	  before	  the	  LIGO/Virgo	  detectors	  have	  reached	  full	  
sensiLvity,	  suggesLng	  these	  events	  may	  be	  more	  common	  than	  previously	  thought.	  
•  GRB	  170817A	  	  was	  dim	  despite	  it	  being	  the	  closest	  on	  record,	  and	  the	  X-­‐ray	  source	  is	  
brightening	  instead	  of	  rapidly	  fading.	  	  Both	  raise	  provocaLve	  quesLons	  about	  the	  underlying	  
physics	  that	  produces	  gamma-­‐ray	  bursts.	  	  	  
•  A	  bright	  ultraviolet	  counterpart	  was	  detected	  12	  hours	  aaer	  the	  merger	  –	  not	  previously	  
predicted	  by	  kilonova	  models.	  
Fermi	  GBM	  
LIGO	  
